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FOREWORD

This report was prepared by the Westwood Division of the
Houston Fearless Corporation, Los Angeles, California, on Air Force
Contract AF 19(628)-416, under Task 624402 of Project 6244, "Color

Image-Enhancement Program." The work was performed for the Electronic
Systems Division of the Alr Force Systems Command.

The technical work on this project was conducted by Paul DeCoster
under the direction of Norman Tavylor.

This is the final technical documentary report and it concludes
the work on Contract AF 19(628)-416. The contractor's report number is

R-130-64.
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COILOR IMAGE-ENHANCEMENT PROGRAM
ABSTRACT

The color image-enhancement program consisted of research and
development to determine the feasibility of applying color in enhancing
the image of a photograph for information extraction. The program
included the design and fabrication of equipment to test and evaluate
electronic and optical concepts. However, this equipment should not be
considered as operational equipment.

Considerable discussion is devoted to the theory of image enhancement
and why certain equipment was chosen to test and develop the program.

The program will have a follow-up color evaluation program which will
test and produce enhanceable photographs in the form of slides for color
projection. Testing with human observers will also be programmed and a

final analysis will be made.
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SECTION 1
INTRODUCTION

Photographic image enhancement consists of extracting informa-
tion content that is otherwise undiscernible. The information content may
be obscured to the observer by lack of contrast, fog, shadow, overlying
detail, or a combination of these problems. Image-enhancement processes
must first detect the obscured image information content and then, by
sultable transformation, display an enhanced image which reveals the
previously obscured information.

Producing a new and improved image of the original photograph is
not limited to a faithful reproduction of the original scene. For example,
a deliberate distortion in brightness (in the intensity or brightness sense,
rather than the geometric sense) of the original scene may be introduced
in the output display to enhance the image.

Houston Fearless has investigated and applied various electronic
processes such as area scan-filtering, frequency filtering, contrast
enhancement, automatic contrast control, and line drawing representa-
tions. These techniques are solely concerned with gray-scale differ-
ences. Another very promising and sophisticated method of enhancing
the image uses color for displaying the processed image. The original
photograph is in black and white, and the color is introduced to the image
synthetically; the color need not be natural to the original scene. This
process uses the natural color perceptivity of the observer by introducing
color as a means of enhancing the information hidden in the original photo-

graph.

Manuscript released by the author 15 July 1964
for publication as an ESD Technical Documentary Report.
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Figure 1-1 shows color enhancement equipment which was fabri-
cated for generating color display slides. The equipment, as read from
left to right, consists of a feedback PMT, an output film-holder and asso-
ciated optical system, a recorder PMT, high-voltage power supplies,
color-transformation circuitry, waveform circuitry, low-voltage power
supplies, a scanner, an input film-holder and assoclated optical system,
a feedback PMT, and a video PMT.

The equipment was built for use in testing and evaluating the
color enhancement concepts only and is not to be construed as opera-

tional equipment.

1-2
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Figure 1-1. Color Image-Enhancement Equipment
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SECTION 2
THEORY OF COLOR IMAGE ENHANCEMENT

2.1 DESIGN APPROACH

Houston Fearless bases the theory of color image enhancement
through added coloron an original description by Deane B, Judd* of the
National Bureau of Standards. Mr. Judd states that any light in the visible
spectrum (380 to 780 millimicrons) may be reproduced by a combination of
three primary colored lights which, when properly blended and simultane-
ously projected upon a screen, are received by the eye as the given light.
No two of these three primary lights cover the entire visible spectrum,
and one extra light 1s superfluous.

The three primary lights may be considered to be vertices of an
equilateral triangle. The sides of the triangle represent various colors
that are mixtures of two primaries only. The interior represents colors
that are mixtures of all three primaries. The entire triangle (interior,
sides, and vertices) represents all the colors of the visible spectrum.
Colors exterior to the triangle are not visible to the human eye.

Mr. Judd further indicates a considerable choice of the three
wavelengths to be chosen as primary ones. He selects red (780 milli-
microns), green (520 millimicrons), and blue (380 millimicrons). Each
point in the triangle represents a color that may be reproduced by a

combination of the three selected primary lights; red, green and blue.

*Judd, Deane B., "Colorimetry." NBS Circular 478, U,S, Department
of Commerce, National Bureau of Standards, March 1950.
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Relative light illumination is inversely proportional to the distance from
the points to the vertex. Equal combinations of the three lights produce
white, which is represented by the center of the triangle. If blue is
lacking, the effect is yellowish, representing points close to the red/
green side. Similarly, points near the red/blue side tend to be purplish,

and points near the blue/green side incline toward the aqua colors.

2.2 COLOR VERSUS BLACK-AND-WHITE PERCEPTION

Figure 2-1 is a graph of the gray-scale capablility of an average
observer. It shows the least-perceptible density difference as a func-
tion of the object detail measured in lines per millimeter. The curve
assumes that the illumination is optimum; that is, the illumination
increases as the mean density increases. For this condition, the detect-
able density difference is independent of the mean density, and is only
a function of the viewed image.

Large objects may be detected at lower contrast ratios than small
ones. The limit for very coarse detall is a density difference of approxi-
mately 0.0026, which corresponds to a brightness contrast ratio of 0.006.
On this basis, there are approximately 1150 shades of gray between the
density levels of 0 and 3 that are barely detectable as differences under
the best size and viewing conditions.

Each ellipse on the chromaticity scale (Figure 2-2) corresponds
to about 30, 000 different colors; therefore, about 800, 000 detectably
different colors exist if each color is displayed at constant luminance.

If luminance variation is also considered, the number of different colors
would be extremely large. Therefore, color has far greater information-
conveying potentials than gray-scale differences alone.,

The image-enhancement process depends partly on the ability of

an instrument to detect density variations below the human perceptivity

2-2
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threshold and to display these variations as perceptible, meaningful images.
A photomultiplier tube with sufficient illumination can detect density varia-
tions considerably below the lower limit of the human eye. Expansion of
gray-scale density variations is limited to the dynamic range of the human
eye; only a very small part of the density range (for example, between 0
and 3) may be displayed in steps that correspond to the sensitivity limits
of electronic devices. This "slicing" permits the viewing of a selectable
range of input densities on the output display but, because the output
display is limited, considerable information is lost.

Because color displays have so many more distinguishable states
than black-and-white displays, considerably more information can be pre-

sented to the observer,

2.2.1 Color Transformation Parameters

The density (D), or darkness, of the emulsion of a black-and-
white negative can be measured in density units on a scale graduated
from zero for a blank spot, to about 2.5 for a black spot. Since the human
eye can derive more information from projected colored images than images
in black-and-white, a system of adding color to the black-and-white
image (even colors unrelated to the original scené) can improve the use-
fulness of the negative considerably.

Houston Fearless has implemented this concept by using the
following mathematical models. Three distance single-valued functions
are involved which are continuous, at least through the second deriva-
tive. The functions are labeled r(D), g(D), and b(D), whose domain is
D (approximately 0 < D <2.5), and whose range is the same range as D,
or 0sr, g b<2.5, The parameters r, g, and b are applied to the nega-

tive by a photoelectronic process. This means that for each point P(x,y)
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on the negative there is a value D(x,y). This value is the density ylelding
r [D(x,y)], g [D(x,y)], and b [D(x,y)], which are the values of the
three functions at P(x, y).

When the three values (r, g, and b) have been obtained for all
points P on the negative, three new pictures (not necessarily either
positive or negative) exist.

The three new pictures are placed before three different colored
lights: r before red, b before blue, and g before green. The greater the
value of r, b, or g on any picture, the less the quantity of light that
shines through. All three lights are focused on the same screen and are
of such color and luminance that they present a white image for each
point P for whichr =g =b = K.

Each point of the negative is represented on the screen by a
summation of the red, green, and blue lights, which are dependent on
the original density of the point and the three functions. The visual
impression will be one of varying shades of color, depending upon the
texture of the original negative.

The three functions are derived by translating a one-dimensional
black-and-white density scale in the range 0 <D < 2.5 into the two-
dimensional triangular color area shown in Figure 2-3. It is possible to
make a one-to-one transformation from a one-dimensional domain into a
two-dimensional range by means of a space-filling curve. However, {t
is sufficlent to use a zigzag path inside the color triangle at every point
where there is a one-to-one correspondence with a point on the black-
and-white scale. Figure 2-3 is a qualitative representation of the zigzag
path.

The three functions r, b, and g are, respectively, about propor-

tional to the distances from the red, blue, and green vertices. Thus, as
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The one~dimensional black-and-white scale and the one-to-one function

transforming it into a path in the two dimensional triangle. The arrows

represent the transformation from black-and-white to color.

Figure 2-3. The Color Triangle
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D(x, y) proceeds from zero to 2.5, there is a constant rate of recession for
b from the blue vertex; hence, b(D) is a linearly increasing function of D.
The other two functions zigzag and are out of phase with each other, The
path of Figure 2-3 alternately moves toward green and somewhat away from
red, then departs from green and decreases the distance to red. Hence,
r(D) and g(D) present out-of-phase zigzags. An increase inr, b, or g
means a darker spot on the black-and-white to be placed before the red,
blue, or green light and, therefore, a lesser amount of light shines through.
The point in the triangle corresponding to such a point in the negative is
more distant from the r, b, or g vertex.

Figures 2-4 and 2-5 show the three functions r, g, and b graphi-
cally and qualitatively by the oscilloscope traces. In these traces, the
abscissa 1s time and the ordinate is voltage. Figure 2-6 shows an electro-
optical block diagram of the color transformation.

The film is scanned at the photomultiplier tube (PMT) input. Den-
sity signal D then passes through the PMT and enters a "window" circuit.
When the window is "open, " a transfer function responds to a wide range
of voltage; when it is "closed, " it responds only to @ narrow range. These
effects are shown In the amplitude characteristics of Figure 2-4. In both
cases, the upward slanting straight line represents a signal coming through
the window, increasing in amplitude at a constant rate, and emerging at
the circuit output. The gain-adjustable amplifier performs a linear func-
tion on the portion of the signal emerging from the window.

In Figure 2-4 (A), the window is not very wide; therefore, until
the voltage emerging from it reaches a certain threshold level, the ampli-
fier does not respond. Once the threshold level is exceeded, the amplifier
emits a linear function that increases with increasing voltage until the

upper limit is attained. From that point, the amplifier does not increase

its response.

2-8
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A. RAMP WAVEFORM: PMT OUTPUT
STEP WAVEFORM: AMPLIFIER OUTPUT

B. SAME AS A, BUT WITH WIDER WINDOW

Window-Circuit Amplitude Characteristics

2-9
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A. RAMP WAVEFORM. WINDOW CIRCUIT OUTPUT
SINUSOIDAL WAVEFORM: RED RECORD E
FROM COLOR TRANSFORM ELECTRONICS

B. E, AND EgCOLOR TRANSFORM ELECTRONICS
OUTPUTS AS A FUNCTION OF LINEAR INPUT

Figure 2-5. Color-Transformation Circuit Amplitude Characteristics
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Figure 2-4 (B) illustrates the same event, but with the window
opened much wider. The linear response at the amplifier output is used
as the function b.

In Figure 2-5 (A) the slanting line again represents a signal that
1s constantly increasing with time. The response to this signal passes
through the window and through the amplifier and emerges from the color
transformation electronics. The zigzag form corresponds to the function
r and indicates that the path in the color triangle is alternately approach-
ing and receding from the r vertex.

Finally, Figure 2-5 (B) shows the generation of functions r and
g. Thelr out-of-phase zlgzagging indicates the zigzag of the path in the
color triangle; when it moves toward green it is moving away from red,
and vice versa. Because only two traces are avallable on an oscilloscope,

the constantly increasing signal was omitted.

2-12
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SECTION 3
COLOR ENHANCEMENT EQUIPMENT

3.1 GENERAL

The color enhancement equipment was designed to produce quality
photographic-image specimens for conducting an evaluation program* using
the techniques outlined in Section 2.

The equipment need not produce rapid generations of transformed
imagery. By keeping the generation speed low, only conventional elec-
tronic circuits were required for operation. The equipment used high-
quality components and many unique features; however, the equipment
was not designed to satisfy operational requirements. Features such as
real-time displays, operational conveniences, and variable-format input
were not included in the equipment design.

The primary design function of the equipment is to display each
element of a photographic image in a particular color as a function of the

photographic density of that element.

3.2 FUNCTIONAL DESCRIPTION
Figure 3-1 is a block diagram of the color image-enhancement
equipment. The diagram uses solid lines to designate optical paths and

dashed lines to designate electronic signal flow.

3.2.1 Input Circuitry

A flying-spot scanner comprised of a CRT with a fixed raster
receives a precision input signal from the waveform circuitry. The out-
put of the scanner feeds through imaging optics for a 2:1 demagnification

to an input film for scanning.

*The evaluation program will be witnessed by personnel who will be
observing static displays on a projection screen.

3-1
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Since the scanner spot is very small, the film-input signal must
be free from noise interferences. Even a minute variation in the phosphor
surface of the CRT will show up as noise interference in the light beam as
the spot is scanned across the face of the CRT. To reduce this noise, an
inverse feedback circuit is used. The feedback circuit consists of a beam-
splitter mirror which uses about 5 percent of the light output to illuminate
a PMT, and the other 95 percent to scan the input film. The PMT output
is a negative signal feeding back* to the control grid of the scanner CRT.

The input film is scanned three times. Each scan cycle uses dif-
ferent electronic transformations. Each transformation is recorded on
separate films. The image content of all three films will ultimately be
combined in an additive color projector. The projector provides an output
display which produces a color locus as a function of the input film density.

The input film recelves an aerial image of the scanning raster
from an optical system. The scanned-image area is 1.4 by 1.4 inches
with 4000 scanning lines across the diagonal. The scanning spot at the
film plane is nominally 0.0006-inch in diameter, which gives a resolving
capability for the scanner of 33 lines per millimeter. The light transmitted
through the film is a time-variant signal which is amplitude-modulated by
the film-image density. The signal illuminates the photocathode on a second
PMT whose output is a signal proportional to the photographic density of the

input film. This signal feeds to the color-transformation circuitry.

*The technique of sensing instantaneous scanning light values and feeding
back an inverse signal proportional to the light values insures that the
light output remains nearly constant. In addition, the feedback circuit
compensates for the vignetting effect of the optical system.

3-5
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3.2.2 Color-Transformation Circuitry

The color-transformation circuitry has three outputs. Figures
2-4 and 2-5 show typical transformation output signals., When the
three photographic signals are added together using white light for {llumi-
nation, the ac component cancels out, leaving only a dc component. This
means that the brightness spatial signal is removed, leaving only a uniform
screen brightness.

The three electrical signals are converted back into a spatial sig-
nal by intensity-modulating a second CRT. This CRT is also scanned by
the precision input signal from the waveform circuitry.

The CRT output feeds through imaging optics to a beam-splitter
mirror and then to an output film. The output image measures 1.4 by 1.4
inches on 2-1/4 by 3-1/4 cut film.

To reduce noise, a second inverse feedback circuit is used. The
feedback circuit consists of a beam-splitter mirror which uses 50 percent
of the light output to illuminate the cathode of a PMT, and the other 50
percent to expose the output film, The PMT output is a negative signal
feeding back to the control grid of the recorder CRT for output signal shap-

ing and noise reduction.

3.2.3 Scanning Raster

The raster used in most flying-spot scanners is unidirectional.
That is, the spot of light moves at a constant velocity in one direction
across the film, then is blanked out while the spot retraces to a point
adjacent to the preceding scan line. The sequence is repeated until the
entire image format is scanned,one line at a time. This type of scanning
has a disadvantage in that it is difficult to filter the electrical signal to

give emphasis to a particular spatial frequency band. Figure 3-2 shows

3-6
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an example of unidirectional scanning., Figure 3-2(a) shows a few lines of
the scanning raster and 3-2(b) shows the scanning lines passing over an
image element and the resultant video signal. If the high frequencies of
this signal are emphasized, the signal shown on the third line results.

If this signal is put on a display tube or a recording tube, a nonsymmetrical
spatial display results, even though the original signal was symmetrical.
One edge of the image detail will be bordered with a bright line while the
other edge will be bordered with a dark line.

The scanning raster selected for this equipment is an orthogonal
variable-phase (Lissajous) raster. This is shown in Figure 3-3(a). The
scan starts in one corner and proceeds to the opposite corner. For each
succeeding cycle of the scan, the scanning lines move toward the remain-
ing two corners and proceed until the scanning signal returns to the start-
ing condition. If the adjacent scanning lines are just made to touch each
other, every element of the raster area 1is traversed by four different scan-
ning lines in four different directions. Figure 3-4(b) shows the result of
adding high-frequency boost to signals with this type of scanning raster.
The individual signal from an image element has the same nonsymmetrical
characteristic but since the image is traversed in opposite directions, the
combined signal has its symmetry restored. Therefore, it is possible to
boost the high frequencies without the degrading results which result when
using unidirectional scanning rasters. As a result, the image-edge contrast
is increased in the output display or in the output recording. The high
spatial-frequency contrast increase can be carried to the limit where only
the high frequencles are recorded, which will result in a line drawing in
the spatial output display.

A rectangular Lissajous scanning raster is generated by using
triangular (isosceles) waveforms for both the x-axis and the y-axis deflec-

tion circuits. The two deflection-signal frequencies are made slightly
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different to permit many cycles of the individual deflections before the
Lissajous pattern is repeated. The frequency relationship was set to
produce 4000 cycles of x-axis deflection, and 4001 cycles of y-axis deflec-
tion before the Lissajous pattern repeats. Figure 3-4 shows the deflection
signals and the resultant Lissajous pattern for three different phase relation-
ships. In the initial condition, the two signals have a zero-degree phase
difference which causes the trace to follow a diagonal line across the

format and retrace itself to the starting point. The second pattern results
when the two signals are 90 degrees out of phase, and the pattern is

rotated 90 degrees to form a square raster. The third pattern results in

a trace dlagonally across the format in the opposite direction to the zero-
degree phase condition. This pattern is generated by having the two
deflection signals 180 degrees out of phase. Thus, an infinite number of
different patterns can be generated by using an infinite number of phase
relationships. If the phase relationship of the two deflection signals is

270 degrees, another square pattern will be generated; however, the pat-
tern direction will be reversed.

These examples indicate that it is possible to generate a suces-
sion of patterns with two deflection signals which are of the same frequency
but with step changes in a signal phase between successive patterns. It
is difficult to generate these patterns with step phase changes without
transient disturbances at the start of each pattern. The same raster charac-
terization can be achieved by making the period of the two signals differ by
a small amount. This difference will produce a constant change in the
relative phase of the two signals.

It was previously pointed out that the deflection signals were
selected to produce 4000 different Lissajous patterns before they were
repeated. This means that the phase of the two signals was changed by

(360)

———— or 0.09-degree between successive patterns.
(4000)
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A Westinghouse WZ-4647P-16 CRT was used in both the reader
and recorder, This CRT had a nominal spot size of 0.0012-inch, which
provides a slight spot overlap between successive scanning lines because
4000 scanning lines are used across 4 inches of the tube face. The scan-
ning raster is demagnified to a 2-inch diagonal at the input film-plane,
which gives a resolution capability of 833 photographic lines per inch,

or 33 lines per millimeter.

3.2.4 Noise Reduction and Signal Linearization

High-resolution CRTs have inherently high noise levels. The
noise is due to settled phosphors (which are used in the Westinghouse
WZ -4647P-16 tube) with a granular structure in which each individual
grain has its own transfer characteristic. In addition to this variation
in grain characteristic, there are blanks in the phosphor. A high-resolution
CRT has a small electronic beam irradiating the phosphor. For the tubes
used in this equipment, the electron beam size is approximately 0.001-
inch in diameter. This beam will only irradiate a few grains at each
instant of time; therefore, the instantaneous output level will vary more
than with a larger beam where the instantaneous output is an average of
a greater number of phosphor grains. Most high-resolution CRTs with
settled phosphors have an rms noise output which is at least 20 percent
of the average light output. This noise is a function of the phosphor dis-
tribution only, and is not random in the spatial plane of the scanning
raster; the noise is only random in a time function. The spatial noise is
added to image detail to set the lower limit of image contrast which can
be read in image-modulated light. The color enhancement equipment uses
a system of light feedback to reduce the limiting effects imposed by this
source of noise. In the reader (flying-spot scanner), a light-feedback

system was used for noise reduction only; however, the light-feedback
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system serves a dual function in the recorder circuit., One function is to
reduce phosphor noise and a second function is to shape the response
characteristics of the CRT. The CRT input-output characteristic is not
a linear function; rather it is an exponential characteristic. Figure 3-5
shows the CRT input-output chracteristics., Figure 3-6(a) shows a PMT
operated at constant gain and illuminated by the light signal from the CRT.
The PMT has an electrical output proportional to the light-signal input.
The voltage i1s amplified and fed back to the input 180 degrees out of phase
to the light signal.

The standard negative feedback system equation also applies to

light feedback: Gain (video-to-light output) =

I-I?SA In the equation,

A is the input-output transfer characteristic of the CRT. B is the gain in
the feedback loop of the PMT and the amplifier. If the negative-feedback
signal is made large, the overall gain is reduced and the transfer response
approaches a linear characteristic, with noise or nonlinear characteristics
within the loop being reduced. The two light-feedback systems in the
equipment are very similar; the only difference is that the recorder has a
video input and the reader has a fixed-reference voltage input. Since

the imaging optics are placed between the CRT and the PMT, vignetting

characteristics of these optics are also minimized.

3.2.5 Dynamic Focusing

The face of the CRT has a flat surface which causes electron-
beam focusing problems. The nominal spot size applies only to an un-
deflected spot in the center region of the CRT screen. As the deflection
angle of the beam is increased, with the focusing potential held constant,
the point of correct focus is behind the screen. The focal point is directly
related to the beam deflection angle. A fixed-focus potential focuses the

beam for one particular distance from the beam-shaping aperture.
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If a deflected beam 1s focused at the screen, the distance to the
screen Increases; therefore, the beam 1s no longer in focus at the CRT
screen. Figure 3-6(a) shows the locus of optimum focus for a CRT which
does not use dynamic focusing. The correction required to obtain optimum
focusing for the entire screen is proportional to the square of the spot

distance from the center of the screen. Therefore,

Since d is a function of both the x-deflection and the y-deflection,

d=Ax"+y

therefore, V (dynamic focus potential) is:

V=k(x2+y2).

To obtain a maximum resolving capablility over the entire format, a dyna-
mic focusing potential was used in conjunction with a dc focusing voltage.

Figure 3-6(b) shows the effect of voltage correction to a flat screen.

3.2.6 Photometric Analysis

A flying-spot scanner i{s limited in maximum readable film density
by the radiant power of the CRT and the sensitivity of the photosensor.
The lower limit of sensitivity, or contrast, to which a scanner can operate
is determined by the threshold sensitivity of the photosensor: in this case,
a PMT. The threshold is determined by the electrical noise in the video
circuits and the phosphor noise in the CRT. Techniques employed in the
color-enhancement equipment to reduce this second source of noise have
been described; therefore, the following analysis considers only the elec-

trical noise source from the photoreceptor and the radiant power from a CRT.
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Radiant Power from a CRT. Radiant power or radiant emittance

information from a CRT is very difficult to obtain from CRT supplies. For
this reason, several tests were conducted to determine this parameter, using
various CRTs with Types P-11 and P-16 phosphors. The output readings
were taken from a photographic exposure and converted into irradiance
values. The measured and calculated values of irradiance determined the
parameters of the optical system and were used to calculate the radiance
of the CRT. Many assumptions were made in arriving at the radiance value;
however, conservative estimates were used in all cases. An average value
of all the tests showed that it is possible to operate a CRT with Type P-16
phosphor safely at a level of about 20 watts/cm2 steradian. This experi-
mental value of radiance compares very favorably to the value obtained
by using the theoretical efficiency for a Type P-16 phosphor.

To convert the radiance value into radiant intensity, the following

equation is used: ] = NA, where

] = Radiant intensity
N = Radiance

A = Area of Scanning Spot
2

J = ( — )(%)(12 x 107°) (2.54)? em?

cm steradian

Therefore,

6 watts

SO AR steradian °

The radiant intensity value is used to determine the quantity of

scanning light available at the film plane. This is necessary to determine
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the threshold limits imposad by system noise. These limits are discussed

in following paragraphs. The equation for calculating radiant power is:

k] X sin2 l:tan—1 -C—]
o) 2y

Power in scanning spot

8
]

where,

o
Il

J Radiant intensity of CRT

C = Diameter of objective lens
y = Distance from CRT to objective lens

k = Efficiency of objective lens

To make this equation more general and directly applicable to
an optical system, the C and y terms of the equation are put in terms of

magnification and the aperture rnumber of the objective lens. Therefore,

P =kJx sin2 tan-l __F_M_
2(M+1)

where,

F = Aperture number

M = Magnification

An F/3.5 lens at a magnification of 0.5X was used for the scanner
in this equipment. Assuming an efficiency of 50 percent for the optical

elements, the scanning spot power is

P = 0.5x180x10 ° —watts . 12 (4.29)
o steradian
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Therefore,

P = 0.9x 10”° watts.

The noise in the photo detector and the associated video circuits
also sets a threshold on the readability of photo signals with a flying-
spot scanner. The main source of this electrical noise is the shot noise
in the photocathode of the PMT. Since the gain of a PMT 1is extremely
high, the signal-to-noise ratio of this system is determined by this
source. The noise contributed by the video amplifiers and other video
circuits is insignificant.

The equation for shot noise is

N Io 2eTB

-
I

n
Io = DC value of cathode current
e = Electron charge

T = Absolute temperature in degrees Kelvin

B = Signal bandv.idth

Io is proportioned to the irradiance of the photocathode and, since this
light is a function of the radiant intensity by the CRT and the photographic
density of the film, the noise is principally shot noise due to irradiation.

The signal increases linearly with irradiation in accordance with the follow-

ing equation:
I =kP
0 o)

The value k for the Type 6655-A PMT used in this equipment is 0.044
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microampere/microwatt. Therefore, with zero-density film in the optical

path, the value

Io = 0.044 x 0.9 microampere

= 0.040 microampere.

The calculated value of shot noise can be obtained by using the

value of cathode current given in the previous equation

[
]

\[0.04 x107°x3.2x 1077 x5 x 10°

8 x 10_12 amperes,

If a signal-to-noise ratio of 2 is considered acceptable, signals
as smallas 16 x 10_12 can be used at the photocathode. As the density
of the input film increases, the dc component of the signal decreases as
a linear function of the irradiance and the noise decreases as a one-half
power function of the irradiance. For a fixed photographic signal (AD)
amplitude, the signal-to-noise ratio decreases at a rate proportional to
the square root of the cathode current or,

S/N ratio = kN T .

o

For example, if the input film has an average density of 2, Io will be 700
1

of the previous value and the noise current will be T of the previous

value. TFor a fixed signal (AD=k) on this average brightness, the noise

component is ﬁ and the ac component of the signal is _1 _ ; therefore,
100

the signal-to-noise ratio decreases by a factor of 10.
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3.2.7 Additive Color Projection

The output display for the color image-enhancement equipment
consists of an additive color projection on a front-surface screen. This
screen was viewed at ten feet, enabling simultaneous viewing by several
photo-interpreters.

The projection distance was sixteen feet, with an image magnifi-
cation of 27X. The screen resolving ability of the human eye at a distance
of ten feet is 0.4 line per millimeter. Therefore, a photographic line-
pair of 2.5 millimeters can be resolved. To obtain good color registration,
the three images must be positioned to within one-fourth of this dimension.
Thus, images on the screen must be positioned to within 0.625 millimeter,
or 0.001 inch at the film gate.

A registration frame was designed to permit horizontal, vertical,
and rotational adjustments of two images while holding the third image
stationary.

After the three images were registered, they were transferred to
a glass plate by applying glue to the film chip edges and placing the glass
in contact with the film. After the glue dried, the glass was removed from
the registration frame along with the film chips. A second glass was placed
in contact with the film chips, sandwiching the film between two pieces of
glass*.

Three projectors were used to project the color images. The pro-
jectors were modified Bell and Hov.ell 500~-watt, 2-inch by 2-inch units.
The projectors were mounted on @ common base. Modifications included

mounting of a set of color filters and the special registration frame. The

*This technique will be used to generate all material for the evaluation
program.
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projection lenses, which were not matched sets and differed in focal lengths,
each needed an additional correction lens. The correction lens was a 1/4-
diopter lens whose spacing could be adjusted in relation to the main lens.
This provided a fine control over the focal length of each of the three pro-
jector lenses.

A set of Balgar Type 392 additive color projection filters were used.
The blue filter had a passband from 400 to 475 millimicrons. The green filter
had a passband from 500 to 575 millimicrons, and the red filter had a pass-
band from 600 to over 725 millimicrons. The passband transmission effici-
ency of all three filters was 80 percent,

Since the projector has three optical axes, it can only be used

for one projection distance for a preregistered triad of images.
3.3 CIRCUIT ANALYSIS

3.3.1 Scanning Waveform Generation
The scanning waveform is generated by sweep circuitry which
requires good frequency stability. This stability is assured by use of

a stable oscillator driving digital frequency dividers.

3.3.2 Typical Flip-Flop

Figure 3-7 shows a typical flip-flop used in the countdown cir-
cuitry and in the recorder-timer circuitry. Transistors Ql5 and Q16 are
part of the flip-flop circuit. Transistor Ql7 is an emitter-follower buffer
stage for the AND-gate, CR12 and CR13. The buffer stage reduces loading
effects on the driving signals and clock pulses.

The output of emitter-follower Q17 feeds through steering diodes
CR10 and CRI1 to drive the bases of switching transistors Ql5 and Ql6.

327
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3.3.3 40.97-Kilocycle Oscillator
The 40.97-kilocycle oscillator is a conventional phase-shift rc
oscillator used to drive a clock~pulse generator. Figure 3-8 shows the

oscillator circuit.

3.3.4 Clock-Pulse Generator

Figures 3-9 and 3-10 show the clock-pulse generator circuit. The
input to the clock-pulse generator is a 40.97-kilocycle signal feeding to
Schmitt trigger Q1 and Q2. The trigger changes the 40.97-kilocycle signal
to square waves with a frequency of 40.97 kilocycles. Both positive and
negative transitions of the square waves are used to produce clock pulses.
The positive transition is inverted by Q3, fed to differentiating network C4
and R12, and fed through dual emitter~-followers Q4 and QS5 to produce pulses
designated as CP. The negative transition {s fed to differentiating network
C5, R15, and R16 to emitter-follower Q6 to produce pulses designated as CP.
The pulses are a few microseconds wide. The emitter-followers provide
low impedance outputs.

A SYMMETRY control, Rl, equalizes the positive and negative

halves of cycles from the Schmitt trigger.

3.3.5 Countdown Circuit

The clock-pulse generator output signals are used to drive a
countdown circuit composed of two frequency-divider chains. Figure 3-11
shows a block diagram of the countdown circuit. The circuit comprises
13 standard scale-of-2 flip-flops cascaded to provide a countdown of
8192. The frequency-divider used for the horizontal sweep circuits is
shown in solid lines. The frequency-divider used for the vertical sweep
circuits is identical to the one used for the horizontal sweep circuit except
that a cutback circuit is used from FFl1 to the input. This cutback circuit

is shown in dashed lines.
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The output frequency of the first flip-flop, FFl, is one-half the
frequency of the clock-pulse generator output signal. The output fre-
quency of the second flip-flop, FF2, is one-fourth the frequency of the
clock-pulse generator output signal; this progression continues down to
the eleventh flip-flop, FF11, whose output frequency is 1/2048th of the
clock-pulse generator output signal.

Flip-flop FF12 has an output frequency which divides the clock-
pulse generator output signal by 4096, and flip-flop FF13 divides by 8192.
Since the clock-pulse generator output frequency is 40,97 kilocycles and
the countdown is 8192, the horizontal sweep frequency is 40,970 divided
by 8192, or 5.00122 cycles per second.

Cutback Circuit. A cutback circuit shown in dashed lines on

Figure 3-11 and schematically on Figure 3-12 feeds the output from flip-
flop FF11 back to the input of flip-flop FF1. The FF1l1l output is fed to
emitter-follower Q9 and differentiator circuit C10, R27, and CR1 to pro-
duce waveforms needed to start the 20-microsecond one-shot multivibrator
Ql0and Ql1l. The multivibrator output is fed to AND-gate CR4 and CRS.
The gate also recelves the apulses from the clock~-pulse generator to
open the gate. The AND-gate output feeds to emitter-follower Ql2 and to
OR-gate CR6, CR7, and R31. The OR-gate feeds either a CP or a -C—Ppulse
to flip-flop FF1l.

The cutback circuit introduces one additional pulse into the
countdown circuit for each output of flip-flop FF11. Therefore, the count-
down circuit counts down normally (by a scale of 2) up to flip-flop FFl1,
and instead of receiving a division of the input frequency 2048 (the output
frequency of FF11) the frequency division is changed to 2048.5. The out-
put of flip-flop FF12 {s changed from a division of 4096 to 4097. The out-
put of FF13 is a division of 8194 instead of 8196.
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The resultant signal is used to drive the vertical sweep circuits
whose frequency is 40,970 divided by 8194, or 5 cycles per second.

The horizontal and the vertical sweep circuits will return to the
same phase condition after 4099 cycles of sweep. Therefore, the frame

rate for each picture is 4099 sweep cycles.

3.3.6 Sweep-Integrator Circuit

The output of flip-flop FF13 is a symmetrical square wave used
to drive a sweep-integrator circuit. Flgure 3-13 shows the sweep-
integrator circuilt. The square wave output of countdown circuit flip-
flop FF13 is fed to emitter-follower Q38 which drives amplifier Q39,

The output signal of Q39 is clamped by dlodes CR40 and CR41. Diode
CR40 clamps the waveform to a ground-potential maximum value, and
CR41, a Zener diode, limits the waveform swing from ground to a maxi-
mum of -42 volts. The clamping prevents amplitude variations which
may be caused by component or power supply drift.

The clamped waveforms are fed to an active integrator circulit
composed of Q40, Q41, Q42, and C45. Resistor R125 and capacitor C45
provide feedback fromthe collector of Q42 to the base of Q40.

An active integrator circuit requires a low output impedance
with a high input impedance. Transistors Q40 and Q41 are 2N338 direct-
coupled emitter-follower units which were selected for their low leakage
and high input impedance characteristics.

The output waveform Is an isosceles triangle which is the inte-
gral of the square wave input. These triangular signals are used to drive
the sweep circuits for the cathode-ray tubes. One integrator is used for
the horizontal deflection circults and one integrator is used for the verti-

cal deflection circulits.
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3.3.7 Sweep-Drive Clircuit

Figure 3-14 shows the sweep-drive circuit components. Poten-
tiometer R0 controls the current gain of emitter-follower Q29. The out-
put of Q29 feeds across 6-volt Zener diode CR36 to shift the dc level of
the input to phase-splitter Q30. Equal outputs of Q30 are fed to push-
pull Class A amplifier Q31 and Q32. The push-pull amplifier outputs
are rc-coupled to amplifiers Q33 and Q34. These amplifiers afford a
high-impedance load to phase-splitter Q30 and produce drive currents
for the horizontal and vertical deflection yokes in the flylng-spot scanner
CRT and the recorder CRT. One amplifier drives the vertical deflection
coils in both the reader and recorder CRT. A second amplifi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>